[1] Abstract: The arid region extending from the Caspian Sea into China contains some of the most extensive dust aerosol production areas in the world. Major element (Al, Fe, Ca, and S), rare earth element (REE), and isotopic (d 34 S and d 18 O) data from a 14.4-m-long firn core recovered on the Inilchek Glacier (Tien Shan Mountains, Kyrgyzstan; 5100-m elevation) are presented and used to investigate the composition, sources, and transport of mineral dust to this central Asian site. The combination of geochemical compositions points to three distinct types of mineral deposits (loess, calcium carbonate, and gypsum), which do not covary in a linear fashion during the period recorded in the firn core (1992 ± 1998). Loess, identified by its REE composition, is characterized by distinct largescale deposition events and by ubiquitous background deposition at other times. Significant interannual-scale variability is evident, with the two largest loess events occurring within a single accumulation year (1997) and background conditions prevailing during 1994± 1996. REE compositions, specifically Nd/Yb ratios, point to multiple sources and transport directions of loess to the Inilchek Glacier. Nonloess sources provide a significant fraction of the total Ca and S deposited at the Inilchek Glacier. Hence the downcore profiles of Ca and S reflect variability in the deposition of calcium carbonate and gypsum. Differences in the sulfur isotopic composition (d 34 S) of a high dust period (+15.0%) and a low (background) dust period (+5.4%) samples provide strong evidence for two sources of sulfate. The former isotopic composition reflects a marine evaporite source of which there are many to the west of the Tien Shan Mountains. The latter composition indicates that a major portion of the atmospheric SO 4 2À was derived from anthropogenic emissions. While the deposition of non-loess Ca (calcite) and non-loess S (gypsum) is also high during the periods of high loess deposition, there is pronounced Ca and S variability during background loess periods (1994 ± 1996). We suggest that the observed geochemical variability in the firn core can be explained by changes in local-to regional-scale atmospheric circulation and associated transport from multiple dust sources (western Kyrgyzstan/ Kazakhstan versus the Taklimakan Desert, China).
Introduction
[2] The arid regions of Central Asia, extending from the Caspian Sea into China (Figure 1 ), contain some of the most extensive dust aerosol production areas in the world [Tegen and Rind, 2000] . Several potential source materials exist in the region, including extensive loess deposits, desert sands and fine-grain material, agricultural areas, evaporite deposits, and glacial outwash plains. Modern observations [Merrill et al., 1989; Gao et al., 1992; Greaves et al., 1999] as well as marine sediment records [Rea, 1994; Weber et al., 1998 ] document the transport of aeolian material from Asia across the Pacific Ocean and often to North America. Asian-derived dust may also make a significant contribution to the background aerosol in the remote atmosphere (>5 km altitude [Junge, 1963; Gillette and Blifford, 1971; Cunningham and Zoller, 1981] . Therefore primary dust aerosols from Asia represent an important component of the global climate system, affecting atmospheric radiation scattering, chemical cycling, and providing a nutrient input to terrestrial and marine ecosystems [e.g., Li et al., 1996; Tegen et al., 1996] . [3] Understanding the annual-to decadal-scale variability of atmospheric dust loading and its relation to climate is a primary goal of ice core studies. Precipitation falling as snow to a glacier surface provides a natural sampling of atmospheric composition and preserves a time series record if substantial summer snowpack melting is absent. Such conditions exist in several high-elevation regions of central Asia, where snow and ice cores have yielded information on changes in aridity and atmospheric dust loading [Williams et al., 1992; Wake et al., 1993; Kattelmann et al., 1995; Thompson et al., 1997] . In these studies, the watersoluble ion composition of melted snow and ice core samples has been measured and interpreted in terms of dust input to the site. In the remote central Asian atmosphere, however, several components are likely represented in the total dust load, including water-soluble salts (of marine and terrestrial origin) and insoluble mineral particulates (primarily alumino-silicates). In addition, other sources of soluble ions such as anthropogenic SO 4 2À complicate the interpretation of ice core major ion records at sites near populated regions [Wake et al., 1992] . Sparse information is available on the insoluble fraction of dust in Central Asian snowpacks [Hinkley et al., 1997] , and thus the ability to quantify the source and composition of mineral particulates is limited.
[4] The development of trace element analytical techniques (e.g., inductively coupled plasma mass spectrometry (ICP-MS)), which combine high sensitivity and low detection limits, has allowed new measurements to be made on ice core samples with low element concentrations and volumes. One such application has been the measurement of the rare earth element Hinkley et al. [1997] , is denoted by the black circle. Note that disputed international boundaries are not included.
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Geosystems G 3 G 3 kreutz and sholkovitz: mineral dust 2000GC000082 (REE) suite, which forms a chemically cohesive series of 14 lanthanide elements (La through Lu) and which fractionates under various petrogenic processes [Henderson, 1984] . REE compositions thus have the potential to identify source-specific dust inputs to remote ice core sites, assuming that the source material is geochemically distinct and does not undergo significant alteration in transport. REE measurements have been made in polar ice core samples from the Last Glacial Maximum [Grousset et al., 1992; Basile et al., 1997; Svensson et al., 2000] and from modern Antarctic snow [Ikegawa et al., 1999] and have proven useful for identifying volcanogenic and lithogenic dust inputs. If such a technique were used to produce continuous ice core time series at midlatitude sites, particularly those that are in proximity to several geochemically distinct dust-producing deposits, reconstructing past atmospheric variability may be possible in a more quantitative fashion.
[5] Here we present results from a highelevation (5100 m) site in central Asia, located on the Inilchek Glacier, Kyrgyzstan (42.168N 80.258E; Figure 1 ). The goal of this paper is to use major (Al, Fe, Ca, and S) and REE measurements made on a firn core recovered from the Inilchek Glacier to investigate the composition, source(s), and transport of mineral dust to the site. In addition to REE measurements we also present the first midlatitude firn core d 34 S data and suggest that it may be an additional tracer for evaporite and anthropogenic S contributions to the remote atmosphere. While the results presented here are from a shallow (14.4 m, $7 years of snow accumulation) reconnaissance firn core collected during 1998, a deep ice core has been recovered from the Inilchek Glacier during the summer of 2000. Results of the current study are expected to be used as a basis for analysis and interpretation of the deep ice core record, which will address atmospheric dust loading on annual to decadal timescales over the past millennium.
Field and Analytical Methods
[6] The Inilchek Glacier (total area $794 km 2 ) covers all glacial zones from 2900 to 7450 m elevation and has two major branches stretching 60.5 km from east to west [Aizen et al., 1997a] . Snowpit samples and a shallow firn core were recovered from the accumulation zone of the South Inilchek Glacier at an elevation of 5100 m during July/August 1998. At the drill site a 2-m snowpit was sampled at 5-cm intervals for chemical measurements by workers wearing nonparticulating suits, masks, and plastic gloves. Snow samples were placed into precleaned, low-density polyethylene (LDPE) containers (washed in a sequence of soaking and rinsing with Milli-Q 18-m water). Samples for density measurements (using a stainless steel 100-cm 3 box sampler) were taken every 3 cm. From the bottom of the 2-m pit a 12.36-m-long firn core (7.62 cm diameter) was drilled with a fiber glass auger. The diameter, length, and weight of each recovered core section were measured for density calculation. Density data for the snowpit and firn core are used to convert original sample depths to water equivalent depth (WED). Snowpit samples and core sections were packed into insulated shipping containers and transported frozen to the University of New Hampshire Climate Change Research Center, where core processing was done in a dedicated cold room (temperature <À128C) using established techniques for ultraclean sample preparation. Each 7.62-cmdiameter core section was scraped on a polycarbonate lathe system under a laminar flow bench, such that all surface and subsurface contamination from the drilling process was removed. Cleaned core sections were then cut at 7.5-cm intervals using a Teflon scroll saw inside the laminar flow bench and placed into Grousset et al. [1992] . precleaned LDPE bottles. Frozen Milli-Q 18-m water blanks were sent through the entire system and analyzed often to assure that there was no contamination. During core collection and processing, stratigraphic observations were made and recorded. There was no indication of significant meltwater percolation within the snowpack. [7] Upon melting each 7.5-cm sample, an aliquot was removed for oxygen isotope and soluble ion measurements (K. J. Kreutz et al., manuscript in preparation, 2000) . Two samples in stratigraphic order were then combined to yield a 15-cm sampling interval for REE, Fe, Al, S, and Ca measurement. In clean room facilities at Woods Hole Oceanographic Institute (WHOI), each sample was brought to dryness (using acid-cleaned PTFE vessels) via sub-boiling evaporation inside a HEPA-filtered laminar flow box. Acid digestion of sample particulates was performed by adding a 1:3 HF:HNO 3 solution (Optima brand) and heating ($558C) overnight. Thus, major and trace element data from these samples represent total sample concentration (soluble plus insoluble). Although we have not quantified the digestion efficiency of this technique, visual inspection suggests that any remaining material was largely organic. Samples were then redissolved in 1N HNO 3 (Optima and Milli-Q) for analysis with a Finnigan Element high-resolution magnetic sector inductively coupled plasma mass spectrometer (ICP-MS). The rare earth element suite was measured in low-resolution mode (m/ Ám = 300), while Ca, S, Al, and Fe were measured in medium resolution (m/Ám = 3000). Detection limits (given as sample blank 3s) for each element are given in Table 1 ; total sample blank values were <1% for all elements measured in each sample.
[8] The sulfur isotope composition of sample filtrate was determined after filtering through 0.4-mm pore size PTFE filters. Two contrasting firn layers were analyzed: one from a visible dust layer (7.61±7.80 m WED; Figure 2) , and one from a section of core with relatively low SO 4 2À concentrations representing``background'' dust conditions (6.87±7.39 m WED; Figure 2 ). Each sample represents the combination of two adjacent sections of the core. The total amount of S in the samples (measured as SO 4 2À via ion chromatography) was 190.8 and 15.3 mg, respectively. Both samples were sent to the Memorial University of Newfoundland, evaporated to a volume of $2 mL, and transferred into tin reaction vessels. Samples were pulse combusted in an elemental analyzer, and SO 2 gas was separated chromatographically [Wadleigh et al., 1996; Patris et al., 2000] . The SO 2 was analyzed via gas-source mass spectrometry and is reported in delta notation versus the Canyon Diablo Troilite (CDT) standard. Estimated ratio error for the two samples is 0.05%.
Results

Firn Core
18
O Stratigraphy 18 O composition of precipitation in high-latitude and highelevation regions [Jouzel et al., 1997] , in central Asia the first-order control on seasonal d
18 O variability is temperature [AraguasAraguas et al., 1998; Hou et al., 1999; Yao et al., 1999] . Accordingly, sections of lower (more depleted) d
18 O values in the core are Table 1 . Assuming a value of 8% Al in average upper continental crust [Taylor and McLennan, 1985] , total dust concentrations in the Inilchek Glacier samples range from 5 to 63 mg dust per gram water. However, because particulate mass was not determined in the samples, we cannot directly compare our REE compositions with weight ratios typically given in petrographic and sediment studies. In addition, scavenging ratios are poorly understood in remote regions, and thus comparisons with aerosol concentration data are likely to be of dubious value. Instead, we focus on comparisons with existing total element concentration measurements (i.e., those made after a complete acid digestion) in precipitation and snow/ice core samples from various regions.
Major and REE Concentrations
[11] To our knowledge, the only total element concentration data from central Asian snow is that of Hinkley et al. [1997] , who found Ca concentrations in a snowpack in the Pamir Mountains (600 km SE of the Inilchek; Figure  1 ) $1 order of magnitude lower than that observed in the Inilchek Glacier (Table 1) . Calcium measurements made on two Alaskan glaciers [Hinkley, 1993 [Hinkley, , 1994 are also significantly lower than Inilchek values. The notable exception is a sample from spring (April) 1991 from the Klutan Glacier, which is roughly equivalent to mid dust conditions on the Inilchek. Additional major element data exist from snow and ice samples from the Antarctic and Greenland ice sheets [e.g., Boutron, 1979; Laj et al., 1997; Edwards et al., 1998] , where values are significantly (1±2 orders of magnitude) lower than those observed on the Inilchek. As with the major elements, REE concentrations in background samples (low dust) from the Inilchek are far greater (Table  1 ) than in precipitation samples from several midlatitude continental sites [Heaton et al., 1990; Sholkovitz et al., 1993] . Not suprisingly, Inilchek REE concentrations are also higher than those measured in modern and Last Glacial Maximum samples from the Greenland and Antarctic polar plateaus (Table 1) . On the basis the above contrasts in element concentrations, the transport of dust material to the Inilchek Glacier is comparatively high. [12] There is significant temporal variability in the deposition of mineral dust deposition, as illustrated by the depth profiles of Al and Nd concentrations (Figure 2) . Fe (not shown) and Al display identical downcore changes in relative concentration, as do Nd and the other 13 REE species (not shown). Al and Nd profiles indicate similar deposition histories, with five discrete events of high concentration (0.9, 1.5, 2.3, 6.3, and 7.6 m) and a section of low or background concentration (3±6 m; Figure 2) . The difference in concentration between the background and high-dust conditions is large for both Al (background = 0.4 mg/g, high = 22.8 mg/g) and Nd (background = 183 pg/g, high = 6431 pg/g).
[13] A key feature of the Ca and S profiles is that they do not always mirror those of Al and Nd (Figures 2 and 3 ). Ca and S concentrations have peaks in the five high-dust periods associated with the high concentrations of Al and Nd. Important to this study is that in the section of core where Al and Nd concentrations remain at background levels (3±6 m), Ca and S profiles display variability equal to that in other sections of the core. In addition, the relative intensities of the Ca and S peaks do not mirror each other at given depths in the profile, particularly in the upper 3 m ( Figure  3 ). Hence element concentration data indicate that (1) substantial interannual variability in overall dust flux occurs, and (2) dusts of different composition are deposited at different times.
REE Patterns
[14] REE data from Inilchek Glacier samples were normalized using average upper continental crust (UCC) values [Taylor and McLennan, 1985] and are presented in Figure  4 . Changes in the absolute REE abundance in the samples are apparent in the offset of UCC normalized REE patterns. REE patterns are remarkably similar in all three sample groups (high-, mid, and low-dust) and show a consistent trend towards a small enrichment in the light REEs. Such a REE pattern is typical of loess deposits in several globally distributed regions [e.g., Taylor et al., 1983; Schnetger, 1992; Liu et al., 1993; Gallet et al., 1996 Gallet et al., , 1998 ]. This is exemplified in Figure 4 with an averaged REE pattern of loess from the central loess plateau of China [Ding et al., 1998 ]. In contrast, REE patterns for other materials (e.g., marine evaporites, volcanic tephra) are well documented and distinct from loess when normalized to UCC [Taylor and McLennan, 1985] . The REE patterns demonstrate the loess-like nature of the Inilchek Glacier samples regardless of the relative dust flux.
Major Element and REE Ratios
[15] Although the similarity in REE patterns suggests that loess is the predominant lithogenic material transported to the Inilchek Glacier, the Nd/Yb ratio can be used to show more subtle differences in mineral dust sources ( Figure 5 ). These two elements exist at relatively high concentrations (Table 1) , do not have anomalies (e.g., Eu) or redox chemistry (e.g., Ce), and span nearly the entire REE series (that is, light to heavy REE). Figure 5a shows the downcore profile of the Nd/Yb ratio while Figure 5b contains a plot of Nd/Yb ratios versus total Nd concentrations. The average Nd/Yb ratio in the Inilchek core is 17.2, while the overall range is quite large (4±27) (Figure 5a and 5b). The majority of samples have ratios between 10 and 20. Although only 17 out of 98 samples have Nd/Yb ratios below 15, the majority of these 17 samples lie at the low end (<10 2 pg/ g) of the total Nd concentration range ( Figure  5b ). Downcore variability in Inilchek Nd/Yb ratios is apparent, with two periods in the core (0±0.5 m and 2.75±4.0 m) having lower 
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Nd/Yb ratios than other sections of the core (Figure 5a ). While the low Nd/Yb samples could represent input of a nonloess dust component that is preferentially enriched in Yb, we are not aware of any such material in the region. Rather, we infer that compositional variability in the loess component is primarily responsible for downcore changes in the Nd/Yb ratio. Large changes in the elemental composition of mineral aerosols from Chinese desert regions have been observed by Zhang et al. [1998] as a function of dusty and nondusty conditions. For example, the Fe/Al (0.70) ratio under nondusty periods doubles to 1.42 under dusty conditions. Mg, K, Si, and Ti ratios to Al also exhibit significant changes. As discussed later and shown in Figure 5a , the low Nd/Yb ratios in the Inilchek core are similar to those measured in Chinese deposits from the Taklimakan Desert (Figure 5a ).
[16] Major element ratios in the Inilchek core were also calculated on a weight/weight basis and can thus be compared to existing aerosol data from central Asia and China (Table 2 ). The ratios of Fe/Al and La/Sm (chosen based on available published REE data) are roughly uniform in high-, mid-, and low-dust samples, and are close to the upper crust value [Taylor and McLennan, 1985; Wedephohl, 1995] . While Ca/ Al ratios are also similar within the three sample bins, they are significantly larger (200Â) than those of the upper crust. Ca/S ratios display a progressive increase with increasing dust flux, and in the high-dust samples the Ca/S ratio is roughly twice that of the upper crust. While Fe/ S ratios display a similar increase with increasing dust flux, the ratios are well below crustal averages.
Loess and Nonloess Estimates
[17] As indicated in section 3.4, the amount of Ca and S reaching the Inilchek site cannot be Figure 4 . REE patterns in the Inilchek Glacier firn core samples. Separation of samples into high-, midand low-dust bins is described in the text. All samples have been normalized to upper crust values of Taylor and McLennan [1985] . Data for average China loess is from Ding et al. [1998] . Because the Chinese loess data are given in mg element/g sediment and thus are not comparable to the ice core REE data (in pg element/g water) in terms of concentration, the China loess REE data have been multiplied by 3 for plotting purposes. There are only a few measurements of the calcite (as opposed to total Ca) content of loess [Smalley, 1971; Schnetger, 1992] . The data that do exist have a large range due to the variable composition of loess parent material. For example, loess from two sites in western Europe contains average Ca/Nd ratios of 9870 (Kaiserstuhl, Germany [Taylor et al., 1983] ) and 109 (France [Gallet et al., 1998 ]), with the high Kaiserstuhl Ca/Nd value attributed to limestone-rich parent material in the Alps. The range of published Ca/Nd values for globally distributed loess is shown in Figure 6a . Samples from Chinese loess fall into a narrower range and are closer to the upper crust value. Using the upper value of the Ca/Nd ratios for Chinese loess (Figure 6a ), over 66% of the firn core samples have Ca inventories far in excess over that which can be supplied by loess deposition.
Using the mean Chinese loess Ca/Nd ratio, the percentage increases to 89%. It therefore seems likely that the Inilchek site is strongly impacted by calcite-rich mineral aerosol.
[19] The only S concentration measurements in loess are from the Ju Èngworm section (Germany [Schnetger, 1992] ), and the S/Nd ratio in that loess is far below that of the upper crust (Figure 6b ). Even more so than Ca, the concentration of S is far in excess over that which may be supplied by loess deposition. The source of S is predominately nonloess in nature. Evaporite deposits are known to be rich in SO 4 salts (including gypsum); several such deposits (solonchak soils) exist in the regions to the west of the site in the Aral Sea/ Kuzul Kum desert region [UNESCO, 1974] . Therefore, in addition to calcite, it appears that aerosols derived from evaporite gypsum deposits have a strong impact at the Inilchek Glacier.
[20] To calculate the loess contributions to total Ca and S concentrations, we have used the mean Ca/Nd ratio published for Chinese loess (2894 [Liu et al., 1993; Gallet et al., 1998] ) and the upper crust S/Nd ratio (20.65 [Taylor and McLennan, 1985] ). The calculated nonloess Ca/S molar ratios in the Inilchek firn core are plotted against nonloess Ca concentration ( Figure 7 ) to investigate the relative input of calcite and gypsum. If no calcite and Also plotted are published Nd/Yb ratios in Chinese loess [Ding et al., 1998; Gallet et al., 1996; Liu et al., 1993] , with colors (red, black, and green) representing different authors, repectively; in Chinese quaternary deposits [Liu et al., 1993] ; in global loess deposits [Taylor et al., 1983; Schnetger, 1992; Gallet et al., 1998 ], with colors (red, black, green, blue, yellow, and magenta) representing different regions (Banks Peninsula, Nanking, Europe, United States, Spitsbergen, and Argentina), repectively; and in polar snow and ice [Grousset et al., 1992; Ikegawa et al., 1999; Svensson et al., 2000] , with colors representing Antarctica (red) and Greenland (black). The dashed line represents the mean Nd/Yb ratio in the core (17.15). Error bars on Nd/Yb ratios are 1s calculated by the method of Miller and Miller [1993] , using the standard deviation of each element in a sample. (b) Nd/Yb ratios versus Nd concentration in the Inilchek Glacier core. The mean Nd/Yb ratio and ratio error calculation are the same as in a).
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2000GC000082
Geochemistry Geophysics
2000GC000082
only gypsum were transported to the sites, a nonloess Ca/S molar ratio of 1 would be expected. This is clearly not the case, as the nonloess Ca/S molar ratio displays an increasing trend with increasing nonloess Ca concentration. At high nonloess Ca concentrations the Ca/S molar ratio is well above 10. Again, some error in both the nonloess Ca and Ca/S molar ratios is expected, given our assumptions regarding loess Ca/Nd and S/Nd ratios.
Regardless, it appears that as the overall transport of dust to the site increases, the relative amount of calcite vs. gypsum also increases.
Sulfur Isotopes
[21] Sulfur isotope (d 34 S) values for the high dust (+15.0%) and low dust samples (+5.4%) are presented in context with time series S and SO 4 2À (Figure 3 ). Although these two d 34 S data cannot provide a continuous or complete sampling of the core, the isotopic composition of the two samples is clearly distinct. Modern seawater has a d 34 S of +21% (Table 3) , which is fairly constant throughout the world's oceans and inland seas [Krouse and Grinenko, 1991] . Although there is some fractionation when evaporating seawater SO 4 2À , in general, the d 34 S of an evaporite deposit will be close to that of the original water [Raab and Spiro, 1991] . The d 34 S value of seawater has, however, varied in geologic time, such that evaporite deposits from different periods have distinct d 34 S values. As shown in Table 3 , there are several evaporite deposits of various ages in Asia. The range of their reported d 34 S values is large (+11 to +36%). Because we cannot identify the exact source area responsible for the visible dust layer in the core, we have calculated a mean value for all Asian evaporite deposits reported in Table 3 . The mean evaporite value (+20.6%) is reasonably close to the value observed in the high-dust ice core sample (+15.0%). We therefore suggest that the d 34 S value indicates a significant contribution of evaporite material in the firn core visible dust layer. Conversely, the d 34 S value of +5.4% for the low-dust sample is in the range typically observed in anthropogenically influenced precipitation [Krouse and Grinenko, 1991] . Previous d 34 S measurements have been made in precipitation from low-elevation regions in central Asia impacted by industrial and/or agricultural emissions for at least part of the year (Table 3 ). The d 34 S range observed in these samples (+3.2 to +7.2%) is comparable to the +5.4% measured in the low-dust Inilchek sample. Thus we suggest that the d 34 S value of the low-dust sample indicates a major portion of the SO 4 2À deposited during this interval was derived from anthropogenic emissions.
Discussion
4.1. Dust Composition, Source, and Transport [22] On the basis of elemental and isotopic data of the Inilchek Glacier firn core, we have identified three components of the remote central Asian atmospheric dust load. These are loess, calcite, and gypsum. The sample REE patterns have a distinct loess-like character, which does not vary significantly across the wide range of concentrations measured. Hence it appears that loess is a ubiquitous component of both the atmospheric background and highdust load in this region.
[23] The Ca record indicates that there is calcium carbonate deposition far above that which can be supported by loess deposition. Previous work on snowpack and aerosol soluble chemistry in the Tien Shan [Wake et al., 1992; Williams et al., 1992; Kattelmann et al., 1995; Sun et al., 1998 ] found Ca 2+ concentrations far in excess of that which could be balanced by other soluble sources (i.e., gypsum). This observation, coupled with measurements of total acid neutralizing capacity [Williams et al., 1992] , indicate that the excess Ca is from CaCO 3 . Total Ca data from the Inilchek Glacier, both in terms of element ratios (Table 2 ) and loess/nonloess estimates, are consistent with this finding ( Figure 5 ). In contrast, snow and aerosol Ca data from the Pamir Mountains and Tadzhikistan are similar to average upper crust (Table 2 ). This indicates that CaCO 3 sources may be either absent or of much reduced size and influence south of the Tien Shan.
[24] In a modeling study relating soil distributions with known mineralogy, the region between the Caspian and Aral Seas (Figure 1 ) has the highest estimated amount of calcite (25±30% by weight) on both a regional and global scale [Claquin et al., 1999] . For comparison, in other areas of central Asia, including those with loess deposits, calcium carbonate values range from 0 to 10%. While this modeling study does not provide information on local-scale deposits that may be of importance, it nonetheless indicates that a significant source of calcite exists directly west of the Inilchek site.
[25] The firn core S record indicates gypsum deposition far above that which can be supported by loess. Studies have noted a strong correlation between soluble Ca 2+ and SO 4 2À in snow and aerosols in the Tien Shan [Williams et al., 1992; Sun et al., 1998 ]. Although the observed correlation has been used to infer a common source such as evaporite gypsum, it cannot be confirmed based solely on major ion data. The d 34 S value of numerous evaporite deposits around the world has been found to be near that of seawater (+21%) and thus is unique from SO 4 2À derived from other sources (e.g., fossil fuel burning and biogenic emissions). The d 34 S value of the visible dust layer sample (+15.0%; Figure 3 ) is consistent with an evaporite source for periods of high S deposition. As with calcite, a soil modeling study indicates that the highest soil gypsum content globally (>10% by weight) occurs in the Caspian/Aral Sea region [Claquin et al., 1999] . Estimated gypsum values for other regions surrounding the Tien Shan are low (<2%). Hence the nonloess concentrations of both S and Ca in the Inilchek firn core can be explained by having a primary source to the west of the site. [26] There are several pieces of evidence, based on comparisons of the Nd and Al time series and the Nd/Yb ratio data (Figures 2 and  5) , to support multiple sources of loess. The variability in the Nd/Yb ratio in the Inilchek firn core indicates that the deposited loess may not be compositionally unique. Possible explanations are the following: (1) loess from two (or more) geochemically distinct sources are transported to the Inilchek site under unique atmospheric circulation regimes and/or (2) loess from a single source is transported to the site, with the distance and/or the strength of transport causing aerosol size (and geochemical) fractionation. The average Nd/Yb ratio in the Inilchek core is 17.2, which is significantly higher than the Nd/Yb ratios observed in loess from China (8.8±15.6) as well as from other regions in the world (1.4± 16.1; Figure 5a ). The Chinese loess ratios best match the firn core ratios (Nd/Yb <15) during periods of low total Nd concentrations which, in turn, reflect periods of low overall loess deposition during (Figure 5a ). The higher (>15) Nd/Yb ratios could reflect either a source that is different from Chinese loess or a source where sorting leads to mineral aero- sols with higher (>15) Nd/Yb ratios. Because we have not measured particle size distributions, it is difficult to assess the impact of size fractionation on the firn core REE record. Evidence against a sorting explanation for the Nd/Yb ratio variability comes from the middle section of core (3±6 m WED). While this section is one of uniform background levels of Al and Nd deposition (Figure 2) , reflecting a period of low loess deposition, the Nd/Yb ratio still varies from 10 to 23 ( Figure  5a ). Thus, if size fractionation alone were responsible for the Nd/Yb ratio variability, we would not expect a change in ratio during this extended period of low loess conditions. This suggests that the Nd/Yb ratio variability reflects the transport and deposition of loess from different sources. Chinese quaternary deposits (saline lacustrine, river, desert sand, and loess-like deposits) display a larger range (7.0±18.5) of Nd/Yb ratios [Liu et al., 1993] , with values from river (16.0) and loess-like (18.5) deposits near to and above the Inilchek Nd/Yb mean (17.2). Most pertinent to this paper is that there are no REE data available for the extensive loess deposits to the north and west of the site (Kazahkstan steppes region). Our Ca, S, and S isotope data indicate that this region is a major source region of mineral aerosols to the Tien Shan site.
[27] We now discuss meteorological conditions that may be responsible for the regional transport of mineral dust and the observed geochemical variability in the Inilchek firn core. Predominant synoptic atmospheric patterns associated with the Northern Hemisphere jet stream favor west to east air masses in the region and are responsible for the majority of precipitation that occurs on the Inilchek Glacier throughout the summer accumulation year [Aizen et al., 1997a] . In central Asia, observations of dust storm frequency display a summer peak, particularly in regions that have a precipitation maximum in summer [Littmann, 1991] . In addition, enhanced convective activity during summer is responsible for vertical transport of dust aerosols to the upper troposphere (>3000 m [Middleton et al., 1986; Littmann, 1991] ). Thus transport of dust from the west to the Inilchek Glacier during summer may account for the large loess, calcite, and gypsum deposition events. During periods of low loess deposition, (1994±1996; Figure 2) , however, Ca and S (Figure 3 ) profiles display variability similar to that in other sections of the firn core. In addition, the deposition of calcite relative to gypsum is enhanced at higher overall Ca concentrations ( Figure 7 ). The observed interannual variability both in overall dust deposition and between individual dust components could be due to a change in regional-scale source area aridity and/or atmospheric transport [Pye, 1987] . As the potential dust sources, we propose are within a limited geographic area, changes in regional aridity would likely affect all sources equally. In a general circulation model study, Tegen and Miller [1998] estimate that dust entrainment and transport processes are responsible for 70±90% of the interannual variability in atmospheric soil dust concentration. It is therefore plausible that changes in local or regional synoptic-scale transport from different dust sources are responsible for the observed relationships between loess, calcite, and gypsum deposition. Changes in the firn core Nd/Yb ratio ( Figure 5 ) lend support to this interpretation. Fo Èhn winds (dry and warm downslope winds heated by adiabatic compression) have been observed to carry dust from the Taklimakan Desert basin (Figure 1 ) over the crest of the southern Tien Shan and onto the Inilchek Glacier [Aizen et al., 1997a] . Low Nd/ Yb ratios in the Inilchek firn core are similar to those measured in Chinese deposits from the Taklimakan Desert ( Figure 5 ). Therefore dust transport from China during certain periods, (1995, 1996, and 1998) concentration sample, which may be related to anthropogenic impacts on highelevation precipitation.
3. Deposition of the three dust components (loess, calcite, and gypsum) does not covary in a linear fashion during the period recorded in the firn core (1992±1998). Loess input is dominated by distinct deposition events, which occur during the summer accumulation season. Significant interannual-scale variability is evident, with two largest loess events occurring within a single accumulation year (1997) and background conditions prevailing during 1994± 1996. While the deposition of nonloess Ca (calcite) and nonloess S (gypsum) is also high during the loess events, there is pronounced Ca and S variability during background loess periods (1994±1996). Moreover, the relative amounts of calcite and gypsum are different during different events, with the nonloess Ca/non-loess S ratio increasing with increasing Ca concentration. Although the relative contribution of source area aridity and transport strength are not well established, it seems unlikely that drier conditions would be so localized as to affect one source region and not others on a regional scale. Therefore we suggest that changes in local-to regionalscale atmospheric circulation is responsible for transport from multiple dust sources. [29] At this time our interpretation of the ice core data in terms of location-specific dust source(s) is limited by lack of knowledge of the spatial distribution of various loess deposits and their chemical composition, particularly in regions to the west of the site. Despite this, the ability to geochemically differentiate various dust types in the total dust flux to the site is of great value when attempting to reconstruct time series records of the atmospheric dust load. While the record presented here represents a relatively short period, a new deep ice core recovered from the Inilchek Glacier during the summer of 2000 promises to yield a high-resolution (annual to decadal-scale) climate record of the last millen-nium. A notable advantage of work in the Tien Shan is the ability to correlate ice core records with the robust array of meteorological data which exists for the last $80 years [e.g., Aizen et al., 1997b] , thus increasing the confidence placed in derived paleoclimate reconstructions. By combining a multiparameter suite of ice core measurements such as those presented in this paper with available climate data, the contribution of various Asian dust sources to the atmosphere may be addressed in a more quantitative fashion than has previously been possible.
